Protein phosphatase is important for cellular events, and a family of protein phosphatases, the so-called C-terminal domain (CTD) of RNA polymerase II (RNAPII) phosphatases, has recently attracted attention. The CTD is the largest subunit of RNAPII and consists of a tandem repeated heptapeptide (Y 1 S 2 P 3 T 4 S 5 P 6 S 7 ).
3
Small CTD phosphatases (SCPs, SCP1, SCP2, and SCP3) have been identified as a conserved regulators of neuronal stem cell development through silencing of neuronal genes via co-repression of the repressor element 1 (RE-1) silencing transcription factor/neuron-restrictive silencer factor (REST/ NRSF). 4 In addition, several intracellular signaling pathways associated with SCPs have been reported in biological studies. 5 Some studies suggest that cell division cycle associated 3 (CdcA3) 6 and receptor-regulated SMADs (RSMADs) 7 could be biological substrates of SCPs, and that SCPs are involved in signaling pathways of cell cycle regulation and cell differentiation.
Transformation growth factor β (TGF-β) and bone morphogenetic protein (BMP) signaling pathways are involved in cellular processes of differentiation, proliferation, motility, survival, and fate. 8, 9 In these signaling pathways, SMADs are key components that control the transcription of TGF-β/ BMP-targeted genes.
10 TGF-β and BMP cause the formation of a type1/type2 receptor complex through binding to their receptors and the subsequent phosphorylation of R-SMADs. The phosphorylation of R-SMADs triggers their translocation to the nucleus.
7 R-SMADs consist of five SMADs (SMADs 1, 2, 3, 5, and 8). SMADs 2 and 3 are activated by TGF-β, and SMADs 1, 5, and 8 are activated by BMP. RSMADs have three structural features: Mad homology 1 (MH1) domain at the N-terminus, mad homology 2 (MH2) domain at the C-terminus, and a linker region. 10 The MH2 domain has a Ser-Ser-Xaa-Ser motif and these serine residues are phosphorylated. The phosphorylation of C-terminal Ser residues drives the activation of R-SMADs. The linker region contains several serine and threonine residues that are phosphorylated by several kinases.
7 Various phosphorylations of R-SMADs have been reported to affect their activity and cellular localization. The mechanisms of phosphorylation of R-SMADs are well known. The activation of RSMADs has been also shown to be dependent on a proteasome pathway through interaction with selective WWdomain-containing E3 ubiquitin ligases.
10
The reversible pathway of phosphorylation of R-SMADs is regulated by protein phosphatases. There are several protein phosphatases that could dephosphorylate phosphorylated residues within R-SMADs.
7 However, the mechanisms by which phosphatases regulate dephosphorylation are still unclear. Protein phosphatase Mg
2+

/Mn
2+
-dependent 1A (PPM1A; also known as PP2Cα) was first reported as a phosphatase of the SMAD2/3 tail SSXS motif. Overexpression of PPM1A resulted in decreased levels of tail-phosphorylated SMAD2/3.
11 PPM1A was also reported to act as a SMAD1 tail phosphatase.
12 Protein phosphatase 2A (PP2A) was reported to induce the dephosphorylation of SMAD3 tail serines under hypoxic conditions in the TGF-β pathway 13 and the dephosphorylation of both the C-terminus and the linker region of SMAD1 in the BMP pathway.
14 Myotubularin-related protein 4 (MTMR4) was also bound to SMAD2 and dephosphorylated SMAD2 tail serines. 15 Pyruvate dehydrogenase phosphatase (PDP), which is localized in mitochondria, was the first phosphatase to be reported as a SMAD1 tail phosphatase. 16 In addition, SCPs were proposed to be a SMAD1 tail phosphatase through depletion and overexpression studies.
17 SCP1 was also identified to regulate TGF-β and BMP signaling and improve the dephosphorylation of the linker region of SMAD1/2/3.
18 Recently, protein phosphatase Mg
/Mn
2+
-dependent 1H (PPM1H; also known as NERRP-2C) was reported as a tail phosphatase of SMAD2.
19 These studies identifying phosphatases as R-SMAD tail phosphatases or R-SMAD linker phosphatases have generated controversy because of the inconsistency of cellular localization between the proposed phosphatases and phospho-SMAD in addition to irreproducible experimental results.
Notes
standing of the regulation mechanism of R-SMADs in TGF-β and BMP signal transduction. Most previous studies concerning this issue were based on cell biological approaches; therefore, other evaluation methods should be used to determine which phosphatase is responsible for the dephosphorylation of the linker or tail region of R-SMADs. Among other methods, enzyme kinetics could provide important information because of its simplicity, although it has intrinsic limitations. We are thus able to acquire useful insight for the enzymatic and biochemical preference of SCPs and PP2A for a phosphorylated serine/threonine residue within the linker region or tail region of R-SMADs through enzyme kinetics.
In this study, we selected a sequence (supplementary Table  1 ) of 13 phosphopeptides originating from SMAD2 that were reported in HPRD and had the sequence synthesized by a commercial supplier. Among them, 3 phosphopeptides (S2, T8, and S110) were located in the MH1 domain and 5 phosphopeptides (S458, S460, S464, S465, and S467) were located in the MH2 domain of SMAD2. The other 5 phosphopeptides (T220, S240, S245, S250, and S260) are located in the linker region of SMAD2. We evaluated the specific activity of SCP1 and PP2A Cα with the 13 phosphopeptides of SMAD2 under reaction conditions originating from previous reports 2, 20 to compare the relative activities. SCP1 had the highest specific activity against S250 and the second highest specific activity against S458 ( Fig. 1(a) ). The measured values were higher than the specific activity of SCP1 against CTD phosphopeptide (~20 μmol/min/mg) which was used in previous report 2 as a positive control. The specific activities against T8, S240, S245, and S467 are lower than 10 μmol/min/mg and the activities against S2, S110, T220, S260, S460, S464, and S465 are comparable to the specific activity against RRAT(p)VA peptide (~0 μmol/min/mg), included as a negative control. Interestingly, the specific activity against T8 and T220 was lower even though they have the PXS(p)P motif. PP2A had the highest specific activity against S460 and the second highest specific activity against S464 ( Fig. 1(b) ). PP2A showed no specific activity against the CTD phosphopeptide as a negative control. The activity against T220 was lower than 10 μmol/min/mg and the specific activities against the other phosphopeptides were almost zero. According to a previous study 20 for PP2A activity against the RRAT(p)VA peptide, PP2A Cα had a specific activity of 10.89 ± 2.44 μmol/min/mg, which was reconfirmed in this study when PP2A Cα was included as a positive control. Therefore, the specific activities of PP2A for S460 and S454 are comparable to that of the RRAT(p)VA peptide. These results indicate that SCP1 may be specific for the S250 dephosphorylation in the linker region of SMAD2 and for the S458 dephosphorylation in the tail region of SMAD2, but PP2A may be specific for the S460 dephosphorylation in the tail region of SMAD2 and for the S464 dephosphorylation in the SSXS motif of SMAD2.
To investigate which phosphorylated residue of SMAD2 is specific for SCP1, we determined the kinetic constants of SCP1 against 13 phosphopeptides of SMAD2. We initially used experimental conditions of pH 5.5, 37°C, 5-100 ng of SCP1, and 10 min, which provided a steady state for SCP1. We observed the kinetic constant of SCP1 against the CTD phosphopeptide (14mer, YSPTSPSYSPTS(p)PS) for comparison. We measured the kinetic parameters of SCP1 with 13 phosphopeptides of SMAD2 and the data were fit to the Michaelis-Menten equation using PRISM software. The calculated kinetic constants of SCP1 are summarized in Table 1 . The K m value for T8, S245, S250, S458, and S467 was comparable to the K m value of the CTD phosphopeptide (0.22 ± 0.075 mM). The k cat values of S250 and S458 were similar to the value for CTD phosphopeptide (1.232 ± 0.189 s
−1
). Although the k cat value of S110 was quite high, we were not able to conclude that SCP1 has a high turnover rate for S110 because the standard deviation was too high. The measurements for S2, T220, S464, and S465 were out of the detection range because they did not provide the proper saturation curves for the Michaelis-Menten equation. To validate the efficiency of enzymatic catalysis for synthetic phosphopeptides of SMAD2, the specificity constants (k cat / K m , s
) were calculated from the binding affinity (K m ) and turnover rate (k cat ). The k cat /K m value for the CTD phosphopeptide was 5.600 ± 1.587 s ) are similar to the range of k cat /K m values for the CTD phosphopeptide. Thus, SCP1 is very specific for the dephosphorylation of S250 and S458. The specificity for S250 and S458 resulted from the relatively strong binding affinity (low K m value) to SCP1 and higher turnover rate (k cat value). The specificity constant for S467 (1.527 ± 0.648 s
) was the third highest. Interestingly, T8 and T220 had very low specificity constants. This result was different from our speculation based on a crystallization study 2 of the complex of SCP1 and phosphopeptides of the CTD heptad repeat in RNAPII.
In contrast, we measured the kinetic constants of PP2A against 13 phosphopeptides of SMAD2 under the certain steady-state condition of pH 8.4, 37°C, 5-60 ng of PP2A, and 10 min. The kinetic constants of PP2A are summarized in Table 2 . PP2A had measurable K m and k cat values for S2, T220, S260, S460, and S464. However, the kinetic constants for T8, S110, S240, S245, S250, S465, and S467 could not be determined because they were out of the detection range. The specificity constants (k cat /K m , s
) of PP2A for S460, S464, and T220 were 4.326 ± 2.282 s , respectively). Therefore, PP2A is relatively specific for the dephosphorylation of S460, S464, and T220. The specificity for S460 and T220 was derived from the relatively strong binding affinity (K m value) to PP2A, whereas the specificity for S460 and S464 was derived from the relatively increased turnover rate (k cat value). This result is quite similar to our findings for the relative specific activity of PP2A in Figure 1(b) .
Although approaches using synthetic phosphopeptides are unable to show the 3-dimensional specificity of a phosphatase for a phosphorylated residue of a substrate, they are beneficial for providing essential information regarding enzymatic specificity. We selected enzyme kinetic characterization in vitro to evaluate the specificity of SCP1 and PP2A using synthetic phosphopeptides of SMAD2 because enzyme kinetics provides a basic and simple explanation for the preference of an enzyme for a substrate. Based on our kinetic characterization, we found that SCP1 is most specific for the dephosphorylation of S250 within linker region of SMAD2. We also found that PP2A is most specific for the dephosphorylation of S460 within the tail region of SMAD2. Thus, SCP1 and PP2A have selective specificity against phosphorylated sites of SMAD2. In conclusion, SCP1 and PP2A selectively dephosphorylate phosphorylated residues within the linker and tail region of SMAD2 and they dephosphorylate different residues within the tail or linker region of R-SMADs, respectively. Thus, SCP1 may be a linker phosphatase, but PP2A may be a tail phosphatase for R-SMADs.
Experimental Section
Materials. para-Nitrophenyl phosphate (pNPP), malachite green oxalate salt, ammonium molybdate tetrahydrate, and other general reagents were obtained from Sigma-Aldrich (St. Louis, USA). The protein phosphatase 2A C subunit (human recombinant; L309 deletion, PP2A Cα) was purchased from Cayman Chemical Co. (Ann Arbor, USA).
Preparation of Human Recombinant SCP1 and its Purification. The pET 21a(+)/N SCP1
76-261
/His vector was introduced into the E. coli Rosetta 2 (DE3) strain. After an OD 600 value of 0.6 was achieved, the E. coli culture was transferred to a pre-cooled incubator at 16°C and the recombinant protein was induced with 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG). The human recombinant SCP1 was expressed and purified by using a previously described protocol. Phosphatase Assays. SCP1-catalysed dephosphorylation of the phosphorylated substrate was performed as previously described 2 with minor modifications. Assays were conducted at 37°C in a buffer consisting of 50 mM sodium acetate (pH 5.5), 20 mM MgCl 2 , 5 μM-1mM phosphopeptides, and 5-100 ng of wild-type or mutant SCP1. PP2A Cα-catalyzed dephosphorylation of the phosphorylated substrate was performed as previously described. 20 Assays were conducted at 37°C in a buffer consisting of 40 mM Tris-HCl (pH 8.4), 34 mM MgCl 2 , 4 mM EDTA, 2 mM DTT, 0.05 mg/mL BSA, 5 μM-1 mM phosphopeptides, and 5-60 ng of PP2A Cα. Phosphate release was quantitated by using a malachite green-based colorimetric assay for inorganic phosphate by measuring the absorbance at 620 nm. The malachite green solution and inorganic phosphate standards were prepared as previously described. 21 To derive the K M and k cat values, the data were fit by nonlinear regression to the MichaelisMenten equation using PRISM software.
